Vibrio tasmaniensis LGP32, a facultative intracellular pathogen of oyster haemocytes, was shown here to release outer membrane vesicles (OMVs) both in the extracellular milieu and inside haemocytes. Intracellular release of OMVs occurred inside phagosomes of intact haemocytes having phagocytosed few vibrios as well as in damaged haemocytes containing large vacuoles heavily loaded with LGP32. The OMV proteome of LGP32 was shown to be rich in hydrolases (25%) including potential virulence factors such as proteases, lipases, phospholipases, haemolysins and nucleases. One major caseinase/gelatinase named Vsp for vesicular serine protease was found to be specifically secreted through OMVs in which it is enclosed. Vsp was shown to participate in the virulence phenotype of LGP32 in oyster experimental infections. Finally, OMVs were highly protective against antimicrobial peptides, increasing the minimal inhibitory concentration of polymyxin B by 16-fold. Protection was conferred by OMV titration of polymyxin B but did not depend on the activity of Vsp or another OMVassociated protease. Altogether, our results show that OMVs contribute to the pathogenesis of LGP32, being able to deliver virulence factors to host immune cells and conferring protection against antimicrobial peptides.
62
An ompU-deletion mutant deficient for cell invasion was shown to be impaired in virulence,
63
suggesting that cell invasion is required for virulence of LGP32. While mechanisms of cell invasion 64 have been described in details, the intracellular lifestyle (intravacuolar/intracytosolic) of LGP32 
121

Results
122
The strain LGP32 secretes outer membrane vesicles
123
Vesicle production by LGP32 was first examined by electron microscopy. Logarithmic phase cultures 
132
The protein composition of the purified vesicles was determined by a proteomic approach (Table S1 ). Only the 132 proteins common to both preparations were considered to 140 belong to the OMV proteome. A subcellular localization could be assigned to most of them (98.5%).
141
Consistent with the composition expected for outer membrane vesicles (OMVs), Tat and Sec-142 exported proteins, outer membrane and periplasmic proteins accounted for 88.6% of the identified 143 proteins (Table S1 ). Most of the remaining proteins were identified as extracellular flagellar proteins
144
(6.8%) (Table S2) .
146
OMVs of LGP32 display a high content in proteases
147
Among the proteins identified, a large fraction (33 proteins, 25%) encoded enzymes such as 148 proteases, sulfatases, phosphatases, nucleases and lipases (Table S1 ). We focused here on proteases, 
151
11.4% of the identified proteins, Table S1 ). We asked whether such proteases were enclosed within
152
OMVs. Intact OMVs (2 mg ml -1 ) displayed little to no proteolytic activity when tested in the azocasein 153 assay ( Fig. 2A) . This contrasted strongly with the soluble products of LGP32 ECPs (supernatant of 154 ultracentrifuged ECPs), which displayed strong proteolytic activity at 1 mg ml -1 mainly due to the Vsm 155 protease ( Fig. 2A, Fig. S1 ). Interestingly, when OMVs were lysed by treatment with 0.1% triton X-100
156
( Fig. 2C ), major protease activity was detected ( Fig. 2A) , showing that proteases enclosed within
157
OMVs were released upon membrane disruption.
159
A putative serine protease (VS_II0815) is the major gelatinase/caseinase of OMVs
160
To identify the OMV-associated protease(s), OMVs were subjected to zymography on both a casein-
161
and a gelatin-containing polyacrylamide gel. On both substrates, one protease band was observed at
162
an approximate molecular mass of 30 kDa (Fig. 2B ). The same band was observed for OMVs from
163
wild-type or ∆vsm LGP32 (Fig. S1 ) showing that this protease activity is not related to the vsm gene.
164
Consistent with an intravesicular localization of the protease, no protease band at the same size was 165 observed in supernatant depleted of OMVs (Fig. S1 ). The gelatinase activity was similar at 20°C and
166
37°C, and stable in a pH range of 5.6 to 7.7 (Fig. S2 ). The protease evidenced by zymography was
167
identified by trypsin in-gel digestion followed by MS-MS sequencing. A total of 6 peptides identified 168 the protein (23% coverage), all of which aligned with the central-most region of the VS_II0815 169 sequence (Fig. 3) , a putative S1 family secreted trypsin-like serine protease (calculated mass 39 kDa).
170
The Vesicular Serine Protease (Vsp) isolated from OMVs was 47.5 % identical to the VesA serine 171 protease of V. cholerae VCA0803 (Fig. 3) .
172
To confirm that Vsp is the main gelatinase/caseinase observed on zymography of LGP32 OMVs,
173
we constructed an isogenic deletion mutant. The LGP32 Δvsp mutant did not display any growth 174 defect in Zobell growth medium nor in oyster plasma (Fig. S3A) . We then compared the gelatin 175 zymogram profile of OMVs obtained from the wild-type and Δvsp mutant. Upon vsp deletion, the 176 active band assigned to Vsp disappeared from the zymography (Fig. 2B) . Altogether, our data show
177
that Vsp (VS_II0815 gene product) is the major gelatinase/caseinase of LGP32 OMVs.
178
The virulence of the ∆vsp mutant is attenuated in oyster experimental infections
179
To determine whether Vsp could contribute to the virulence of LGP32, juvenile oysters were infected 
189
for both mutants (P = 0.027 and P = 0.006) (Fig. S5) . Consequently, it is very unlikely that the 190 attenuated phenotype associated to the ∆vsp deletion is due to a second site mutation. We
191
concluded that the ∆vsp deletion attenuates LGP32 virulence in oyster experimental infections.
193
OMVs can be delivered to host immune cells both intracellularly and extracellularly
194
The presence of Vsp inside OMVs prompted us to investigate the role of OMVs in the delivery of
195
virulence factors to host cells in the course of LGP32 infectious process. We first asked whether
196
OMVs could be secreted inside hemocytes during its intracellular stages. Hemocytes having
197
phagocytosed LGP32 (30 min-contact) were therefore observed by transmission electron microscopy.
198
Vibrios were found inside phagosomes without any sign of bacterial cell envelope destruction nor 199 lysis ( Fig. 5A-D 
206
Damages to the hemocyte cytoplasmic membrane were also observed (Fig. 5D ). Importantly, for the 207 vast majority of infected hemocytes, vesicles of 30-50 nm diameter reminiscent of those observed in
208
LGP32 culture medium were visible releasing from the bacterial membrane or free inside 209 phagosomes (Fig. 5B&D) . We then asked whether such OMVs, which are also released extracellularly
210
( Fig. 1) , could enter host cells. For that, OMVs fluorescently labeled with PKH26 were incubated with 211 hemocytes for 2 h. A strong red fluorescent signal was observed by confocal microscopy within 212 hemocytes (Fig. 5E&F ), indicating that OMVs were internalized upon contact with hemocytes.
214
OMVs confer protection against antimicrobial peptides independently of Vsp
215
We then asked whether OMV production could confer protection against the antimicrobial peptides
216
(AMPs) found in oyster plasma. Indeed, a remarkable stimulation of OMV production was observed 
229
SDS-PAGE, indicating that PmB is not degraded by intravesicular proteases (Fig. 6A) . However, the
230
HPLC absorbance peak corresponding to PmB disappeared from the chromatogram over the time
231
course of the incubation, indicating that at least PmB binds to OMVs (Fig. 6B) . Altogether, our data 232 indicate that PmB is not degraded but rather titrated by OMVs.
234
Discussion
235
Results showed that V. tasmaniensis strain LGP32 releases outer membrane vesicles (OMVs)
236
containing virulence factor(s) which can be delivered to host immune cells either intracellularly or 237 extracellularly. A total of 132 proteins identified by at least 3 peptides were found associated to
238
LGP32 OMVs (Table S1 ). In other bacterial species, 44 to 236 OMV-associated proteins were 239 identified depending on the techniques used for proteomics (Lee et al., 2008) . Most of the LGP32
240
OMV proteins were predicted to be Tat or Sec exported, to localize at the periplasm or at the outer-241 membrane (88.6 %) (Table S1 ). This composition is consistent with the biogenesis of Gram-negative 
245
purified by density gradient (Table S1 ). The observation of vesicles intimately associated with the 246 flagellum by electron microscopy ( Fig. 1C-E 
275
One important finding from this study is that OMVs can be delivered to host cells both intracellularly,
276
inside phagosomes, and extracellularly, by internalization (Fig. 5) 
292
By focusing on proteases, we showed that potential virulence factors are specifically enclosed within
293
OMVs. Indeed, while low proteolytic activity was associated to intact OMVs, major activity was 294 released upon triton-lysis of OMVs ( Fig. 2A) . The gelatinase/caseinase activity enclosed in LGP32
295
OMVs was attributed to the putative serine protease VS_II0815, as revealed by MS-MS sequencing of 296 the active band ( Fig. 3 ) and zymography of a ∆vsp deletion mutant ( Fig 2B) . Importantly, VS_II0815 
304
ultracentrifugation of extracellular products but absent in OMVs (Fig. S1 ). Therefore, its identification
305
by MS-MS sequencing (Table S1 ), which is a very sensitive technique, was attributed to its high 306 abundance in the extracellular milieu, contaminating our OMV preparation.
308
The OMV-secreted Vsp protease was shown to be homologous to the VesA serine protease of V. 
318
Vsp is likely addressed to the inner membrane through its signal peptide, retained at the inner 319 membrane by its Gly335-Phe353 C-terminal inner membrane anchor and finally released into the 
329
Importantly, the virulence of three ∆vsp mutants was shown to be attenuated compared to the wild- (Table S1) 
361
Finally, OMVs from LGP32 were shown here to be highly protective against antimicrobial peptides,
362
increasing the MIC of PmB from 2-to 16-fold at OMV concentrations ranging from 6.25 to 50 µg mL -1
363
( Table 1) . We believe that such OMV concentrations can be reached in oyster plasma. Indeed, while
364
OMV production was rather low in rich culture medium (1 µg mL -1 ), it increased strongly in the 365 presence of plasma ( Fig S3) . The role of proteases in resistance to antimicrobial peptides (AMPs) has
366
been shown in several bacterial species (Nizet, 2006) . However, OMV protection against AMPs was 367 not conferred by Vsp since (i) sensitivity to PmB was similar for the wild-type and ∆vsp mutant ( Table   368 1), (ii) OMVs from the wild-type and ∆vsp mutant were similarly protective against PmB (Table 1) ,
369
and (iii) PmB was not degraded upon contact with OMVs ( (Table S3) 
395
Vector construction and mutagenesis
396
The LGP32 ∆vsp derivative was constructed by allelic exchange using the method described 397 (Table S3) .
408
Extracellular products (ECPs) and Outer Membrane Vesicle (OMV) preparation
409
Bacterial ECP were produced by the cellophane overlay method described by (Liu, 1957) . Briefly, 2 ml 410 of stationary phase culture were spread onto a Zobell agar plate covered by a sterile cellophane film.
411
After 48 h of incubation at 20°C, the cellophane overlay was transferred to an empty Petri dish. Cells 
417
phosphate buffer (pH7) and suspended in cold phosphate buffer saline (PBS) (Wai et al., 2003 
533
Leica SPE confocal laser scanning system connected to a Leica DM2500 upright microscope.
535
Antimicrobial assays
536
Serial dilutions of OMVs (6.25 to 50 µg ml -1 ) were co-incubated with different concentrations of
537
Polymyxin B (PmB, Fluka P9602) for 1 h at 20°C prior to liquid growth inhibition assay using LGP32.
538
Liquid growth inhibition assays were performed in microtiter plates as described in (Hetru and Bulet, 539 1997) using exponential phase cultures of LGP32 diluted in fresh in Zobell medium at a theorical 540 starting OD 600 of 0.001. Incubation was performed for 16 h at 20°C and bacterial density was 541 determined spectrophotometrically at 600 nm by using a Multiscan microplate reader (LabSystem).
542
The minimal Inhibitory concentration (MIC) was determined as the lower PmB concentration 
631
Kobayashi, H., Utsunomiya, H., Yamanaka, H., Sei, Y., Katunuma, N., Okamoto, K., and Tsuge, H. 
754
F. Transmission electron microscopy of negatively-stained vesicles obtained by ultracentrifugation.
755
The vesicle diameters range from 30 to 50 nm. 
804
25QS column using a 0-70% acetonitrile gradient over 35 min. LGP32 OMVs. A. Protease activity was determined by azocasein hydrolysis (absorbance 440 nm) on 1 mg ml-1 ultracentrifuged supernatant of LGP32 ECPs (Sn) as well as on 2 mg ml-1 OMVs from LGP32 lysed in 0.1% triton X-100 or resuspended in PBS (intact OMVs). Data were generated from three independent ECPs preparations. Data are the mean of three independent OMVs production +/-SEM. B. Zymography showing gelatin hydrolysis (clear zone) by OMVs preparations from wild-type and ∆vsp
LGP32 vibrios. Molecular masses are indicated on the right. C. Transmission electron microscopy of negatively-stained vesicles resuspended in PBS (intact) or lysed in 0.1% triton X-100.
80x66mm (300 x 300 DPI) Table S1 . List of proteins associated to V. splendidus LGP32 OMVs.
Protein identification was carried out by comparing experimentally generated monoisotopic peaks of peptides with computer-generated fingerprints using the Mascot program. Table S2 . Molecular functions associated to OMV proteins.
Two independent OMV preparations were compared: OMV prep #1 was crude while the OMV prep #2 was purified on density gradient. The numbers of proteins assigned to a given molecular function are similar in both preparations. The molecular functions associated to the 132 proteins common to OMV prep #1 and #2 (detailed in Table S1 ) are shown on the right column. 
